Sequence comparisons of selected regions from small (18s) and large (25s) subunit rRNAs were used to examine species relationships in the anamorphic yeast genera Sterigmatomyces, Fellomyces, Tsuchiyaea, and Kurtzmanomyces. On the basis of sequence similarity, the genus Sterigmatumyces is comprised of Sterigmatumyces haluphilus and Sterigmatumyces elviae, while the genus Fellomyces contains three recognized species, Fellumyces fuzhouensis, Fellomyces penicilhtus, and Fellomyces polyborus. Tsuchiyaea wingfieldii and Kurtzmanumyces nectairii are well separated from the other species which we examined. Comparisons with selected teleomorphs indicated that the genus Fellumyces is closely related to the genus Sterigmatuspuridium, whereas the genus Sterigmatumyces exhibited somewhat closer relatedness with the genus Leucosporidium. Impacting on our estimates of relatedness was the finding that nucleotide substitution in the rRNA regions which we examined seems relatively constant only among closely related species.
In 1966, Fell (5) described the anamorphic genus Sterigmatomyces to accommodate some rather unusual marine yeasts that undergo vegetative reproduction by forming new cells on the tips of sterigmata. Since this initial description, numerous other species have been assigned to the genus Sterigmatomyces, some of which differed in certain morphological and biochemical characteristics. The taxonomy of Sterigmatomyces species has changed considerably during the past few years, and Yamada and colleagues (32) (33) (34) (35) (36) have assigned these species to the following four genera, which have the characteristics given in parentheses: Sterigmatornyces (mid-sterigma separation of buds, Q-9 ubiquinone, xylose absent from cell walls); Tsuchiyaea (mid-sterigma separation of buds, Q-9 ubiquinone, xylose present in cell walls); Kurtzmanomyces (distal separation of buds from sterigmata, Q-10 ubiquinone, xylose absent from cell walls); and Fellomyces (distal separation of buds from sterigmata, Q-10 ubiquinone, xylose present in cell walls). Kurtzman (14) used measurements of nuclear DNA complementarity to define species assigned to the genera Sterigmatomyces and Fellomyces. Because nuclear DNA reassociation resolves only to the genetic sibling species level (12), generic assignment of the species could not be verified.
rRNA sequence comparisons offer estimations of species relationships at genetic distances greater than those afforded by DNA reassociation and, therefore, provide an opportunity to assess whether species are congeneric. Walker and Doolittle (26, 27) and many subsequent workers have employed 5s rRNA sequence comparisons to examine broader taxonomic associations; however, because only 120 nucleotides are available for comparison, resolution is limited. The far greater numbers of nucleotides present in small (16s to 18s) and large (23s to 28s) subunit rRNAs offer the potential for more precise estimates of phylogeny than is possible from 5s rRNAs. However, because of the considerable effort needed to determine all of the nucleotides in these larger molecules, only about 100 complete sequences are known (4). Recently, Lane et al. (7) demonstrated that partial sequences can be determined relatively quickly by employing the primer extension-dideoxynucleotide method. * Corresponding author. Furthermore, these authors pointed out that the phylogenetic relationships derived from partial sequences are essentially the same as those calculated from complete sequences.
In an effort to determine relationships among species and genera in the Sterigmatomyces complex, we sequenced portions of the small and large subunit rRNAs. These comparisons appear to be the first use of 18s and 25s rRNA partial sequences for taxonomic studies of basidiomycetous yeasts.
MATERIALS AND METHODS
Yeast strains. The strains of the various anamorphic yeasts which we studied, along with several teleomorphic basidiomycetous species included for comparison, are listed in Table 1 . All of these strains are maintained in the Agricultural Research Service Culture Collection, Northern Regional Research Center, Peoria, Ill.
rRNA extraction and purification. Cells were grown at 25°C in 100 ml of YM medium (30) on a rotary shaker at 200 rpm for approximately 16 h. Cells were harvested by centrifugation, suspended (1 g [wet weight] per 10 ml of 4 M guanidinium thiocyanate buffer), and broken in a Braun cell homogenizer with 0.5-mm glass beads. The guanidiniurn thiocyanate buffer and the remainder of the isolation procedure are described by Chirgwin et al. (3) . Undegraded rRNA, as assessed from nondenaturing agarose gel electrophoresis, was obtained by this method.
Sequencing reactions and sequence comparisons. Sequencing of rRNA was accomplished by using specific oligonucleotide primers and the dideoxynucleotide chain termination method (17, 22) . Two regions were sequenced from the large (2%) subunit, and one region from the small (18s) subunit was sequenced. The large subunit primers and first bases of the rRNA sequences copied were 5'-GGTCCGTGTTTC AAGACGG(635) and 5'-TTGGAGACCTGCTGCGG(l,841).
The small subunit primer and first base of the rRNA sequence copied was 5'-ACGGGCGGTGTGTAC(1,627). Nucleotide numerical designations were referenced to the primary structure of Saccharomyces cerevisiae (7, 18, 21) . For easier reference below, the primers are referred to as 25s-635,25S-1841, and 18s-1627, respectively. The large subunit primers were a gift from Carl Woese, University of Illinois, Urbana, and the small subunit primer was purchased from Boehringer-Mannheim, Indianapolis, Ind. Nucleotide fragments generated in the chain termination reactions were separated on 8% acrylamide-8 M urea gels and visualized by autoradiography . Sequences were manually aligned, and dendrograms of the sequence data were calculated by using PAUP, version 2.4.1, a parsimony analysis program written by D. Swofford, Illinois Natural History Survey, Champaign.
RESULTS AND DISCUSSION
The phylogeny of yeasts has been inferred from a variety of morphological and physiological traits (11). At present, the most reliable of these may be the form and function of the teleomorph, but the absence of a definitive fossil record precludes an independent assessment of such conjecture. Estimates of relatedness from comparisons of extent of nucleotide changes in rRNA have been proposed for a variety of organisms (23, 31). The reports of McCarroll et al. (19) and Lane et al. (17) that phylogentic relationships estimated from partial rRNA sequences parallel those determined from the complete molecule add to the utility of this approach. We further tested this concept by analyzing an additional group of organisms, using previously published 18s sequences (4). When 300-nucleotide regions initiated at 18s-566, -901, -1137, and -1627 were compared with complete sequences, much the same phylogenetic associations resulted for a group comprised of Neurospora crassa, Saccharomyces cerevisiae, Achlya bisexualis, Dictyostelium discoideum, and Chlamydomonas reinhardtii. Some differences in branch lengths (3 to 30%) were detected among the different sequence subsets, and a few small shifts in branching order also occurred. However, these data suggested that partial sequences from the 18s molecule give generally consistent evolutionary trees.
The three rRNA regions selected for this work (18s-1627, 25s-635, and 25s-1841) were the regions used in our studies of ascomycetous yeasts. Peterson and Kurtzman (submitted for publication) have examined closely related sibling species in the genera Issatchenkia, Pichia, and Saccharomyces and have found that nearly all could be separated from one another by several nucleotide differences in the 253-635 region, which was shown previously to be highly variable (8). However, strains of the same species showed no variation. Conclusions from this study, as well as from a comparison of several divergent ascomycetous genera (13), suggested that the highly variable 25s-635 region gives good resolution of close relationships, while the more conserved 25s-1841 region is useful for intermediate distances and the 18s-1627 region appears to resolve distant relationships. Within the phylogenetic range shown between budding and fission yeasts, region 253-635 seems to have undergone sufficient multiple substitutions at many sites to have lost resolution and has plateaued with about 30% substitutions, whereas regions 253-1841 and 18s-1627 may not have reached the point of maximum substitutions. Although the amounts of substitution in the latter two regions differed by about twofold, the rates seemed parallel, suggesting that accurate phylogenetic distances can be calculated from these two sequences if true distances are reflected in areas having linearity of substitution.
In the present study, no base changes were detected among the three strains of Sterigmatomyces halophilus compared (Table l) , all of which show high levels of nuclear DNA relatedness (l4).,The two isolates of Vanrija antarctica are more divergent, with 64% DNA complementarity (14), and show one nucleotide difference in the 25s-635 region, an observation in keeping with our comparisons of ascomycetous species.
Large (25s-635) and small (183-1627) subunit partial sequences for the species which we examined are shown in Fig. 1 and 2 . The 25s-1841 region gave readable sequences for only about one-half of the taxa (data not shown), leading us to believe that for the remainder, either priming is occurring at more than one site or sequence heterogeneity exists in this region.
Calculations of relative phylogenetic distances determined by using the program PAUP, version 2.4.1, are shown in Fig.  3 and were derived from a combination of the 25s-635 and 18s-1627 regions. Trees constructed from individual regions differed in branch length (10 to 50%), but branch points were essentially the same. One exception was the location of Sterigmatosporidium polymorphum, a species with a Fellomyces-like anamorph (10). Calculations based on region 25s-635 (and the combined data set) placed this taxon between the Tsuchiyaea wingfieldii and Fellomyces branches, but when the 18s-1627 nucleotides were compared, placement was below the branch shown for Tsuchiyaea wingfieldii in Fig. 3 .
There are several reasons for the disparity of branch lengths. As Table 2 shows, resolution in region 25s-635 has plateaued for the more distantly related species, leading to underestimation of branch lengths. By contrast, close relationships determined from region 18s-1627 tend to be unresolved because of the conservation shown for most sites. By combining both regions for analysis, an averaging of branch lengths occurs that may provide a truer overall picture of evolutionary relationships than is evident from trees based on single regions.
Because of the variation in branch lengths discussed above, we examined two additional methods for calculating phylogenetic distances. The individual and combined data sets were analyzed by the ditypic method in a manner similar to that proposed by Nanney et al. (20) . For this analysis, each nucleotide position for all species in the data set is examined, and only homologous sites occupied by no more than two different bases are included in the comparison. However, analysis of these redefined data sets gave trees quit similar to those produced when all of the nucleotide sites were compared. We considered the evolutionary parsimony method of Lake (9, 15, 16) , but found that it failed to give a statistically valid central tree for our data.
We found evidence suggesting that unequal rates of nucleotide substitution may have biased our estimates of more distant relationships. In Table 2 change in the 18s subunit is not certain and that some animal lineages appear to have differing rates of rRNA substitution. Despite the uncertainties discussed above concerning the accuracy of phylogenetic relationships determined from rRNA sequences, all of our analyses are in sufficient agreement to support the conclusion that we can address our initial question of whether certain of the species originally assigned to the genus Sterigmatomyces should be transferred to other genera. Our data support the concept of Yamada and colleagues (32) (33) (34) (35) (36) that the taxa Sterigmatomyces, Fellomyces, Tsuchiyaea, and Kurtzmanomyces represent separate genera. The only point of doubt concerns Tsuchiyaea wingfieldii, which invariably clusters closely with Filobasidiella (Cryptococcus) neoformans. Future work that includes additional Cryptococcus species should provide a better perspective on this relationship.
The species now classified as V . antarctica has proven to be a taxonomic enigma. The three extant strains have been variously classified in the genera Candida, Sterigmatorny- FIG. 3 . Phylogenetic tree for Sterigmatomyces species, Felfomyces species, and selected other taxa. The tree was calculated from the combined small and large subunit sequences given for each species in Fig. 1 and 2 by using the program PAUP, version 2.4.1 . The relative distances portrayed are proportional to the sums of all of the distances generated in the program analysis. Uncertainty concerning branch points and branch lengths is discussed in the text. (14) , largely due to the morphological diversity exhibited. Our data show that this species is well separated from the other taxa with which it was compared, but provide no perspective as to its overall assignment among the basidiomycetes. The 5s rRNA sequence comparisons of Walker and Doolittle (27) and of Blanz and Gottschalk (2), which included a large number of genera, placed V. antarctica in a group that includes Tilletia controversa and Exobasidium vacinii. The phylogenetic groupings shown in this study lend themselves to comparison with relationships proposed on the basis of other biochemical criteria. The presence or absence of xylose in cell walls is regarded as a predictor of broad relationships among basidiomycetes (28, 29) , and the occurrence of this sugar coincides with the major rRNA groups shown in Fig. 3 . For example, members of the genus Sterigmatomyces, as now defined, lack xylose, while this pentose is present in the walls of members of the genus Fellomyces. Assimilation of inositol, another possible indicator of kinship, occurs in Fellomyces species but is absent in taxa assigned to the genus Sterigrnatomyces. Similarly, coenzyme Q isoprene chain length appears to serve an exclusionary role in the definition of genera, and the coenzyme Q analyses shown in Table 1 correlate with the genera defined here.
ces, Sporobolomyces, and Trichosporon
Phylogenetic trees constructed from rRNA sequence comparisons may allow prediction of the type of teleomorph to be expected for anamorphic species. The sexual states of the genera Filobasidiella and Sterigmatosporidium are, in part, characterized by the absence of teliospores, whereas these cells are produced by members of the genus Leucosporidium. The teliospore producers and nonproducers in our limited data set are phylogenetically separated. A prediction of our findings is that sexual states of Fellomyces species do not include teliospores, whereas sexual states of Sterigmatomyces spp. and Kurtzmanomyces nectairii form these cells.
